The primary electron transfer in reaction centers ofRhodobacter sphaeroides is studied by subpicosecond absorption spectroscopy with polarized light in the spectral range of 920-1040 nm. Here the bacteriochlorophyll anion radical has an absorption band while the other pigments of the reaction center have vanishing ground-state absorption. The transient absorption data exhibit a pronounced 0.9-ps kinetic component which shows a strong dichroism. Evaluation of the data yields an angle between the transition moments of the special pair and the species related with the 0.9-ps kinetic component of 26 ± 8. This angle compares favorably with the value of 29°expected for the reduced accessory bacteriochlorophyll. Extensive transient absorbance data are fufly consistent with a stepwise electron ransfer via the accessory bacteriochlorophyll.
In the primary processes of bacterial photosynthesis, absorbed light energy is stored via an electron transfer within the reaction center (RC). While the molecular structure of two bacterial reaction centers has been known for a number of years (1) (2) (3) , the detailed molecular mechanism of the electron transfer is still the subject of intense investigations (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . There is general agreement that the first electron transfer process starts at a pair of bacteriochlorophyll (BChl) molecules-the special pair P-which acts as the primary donor. The special pair is excited by energy transfer from antenna molecules or by direct light absorption. The excited electronic state P* exists for =3 ps. With the same time constant, absorption features appear which have been assigned to a RC containing the reduced bacteriopheophytin (BPhe), HA, on the A branch. After -"200 ps the electron is transferred to the quinone QA in a final picosecond process. In addition to these well-established transfer steps, transient absorption data presented by several investigators (5-8, 12, 17, 20) indicate a third kinetic process characterized by a very short time constant of 0.9 ps and 0.65 ps for RCs of Rhodobacter sphaeroides and Rhodopseudomonas viridis, respectively. This kinetic component has significant amplitudes only at spectral positions where the BChl or its anion radical shows strong absorption. To be detailed: The subpicosecond component is clearly resolved in the BChl Qy and Q. absorption bands and in the BChl anion band around 650 nm (5, 7, 8 (5) . The transient absorption measurements were performed at room temperature in cuvettes with 1-mm pathlength. The concentration of the sample was adjusted to OD 20 cm-' at 860 nm. The excited volume was exchanged between two laser shots by stirring. For the time-resolved excite-and-probe experiments, we worked with a femtosecond spectrometer based on a colliding pulse-mode-locked (CPM) dye laser. Generation and amplification of the femtosecond pulses are described elsewhere (20) . The wavelength range. As all RCs reach the final state P+Q-at very late delay times, the amplitude "infinity" shown at the bottom of Fig. 3 corresponds to the spectrum of P+Q-. It displays a broad peak around 980 nm representing the absorption of the cation P+ of the special pair (26). We repeat that QA, QA, and P do not absorb in the investigated spectral region. The spectra of the other intermediates are discussed below.
Time-Resolved Dichroic Data. The absence of ground-state absorption of the RC in the spectral range investigated here allows a determination of the direction of dipole moments by dichroic experiments. A probing wavelength of 998 nm was chosen (Fig. 4) , where stimulated emission and the 0.9-ps component are of approximately equal magnitude. Data taken with parallel polarization between excitation and probe pulses (points) have the same transient behavior as shown in Fig. 2 . With perpendicular polarization (triangles) the transient absorption curve is changed in shape and reduced in magnitude. At early times an absorbance ratio AAjj/AA-3 is found, while at late delay times (>200 ps) this ratio is AAgI/AAL 2.1. These numbers determine the directions of the transition dipole moments of the species present at early and late times relative to the direction of the absorption dipole moment of P. For P* at the beginning and P+ around 500 ps one finds the corresponding angles of approximately 00 and 270, respectively. Modeling the dichroic data with exponential functions using the time constants discussed above, one obtains the amplitudes shown in Table 1 . For specific reaction models the amplitudes can be used to calculate the direction of the transition moments of other intermediates.
DISCUSSION
The spectral range investigated in this paper allows a ready interpretation of the experimental data. There is no interference from ground-state absorptions or from electrochromic shifts or from absorption of the BPhe anion.
Due to the apparent absence of coherence effects at room temperaturel it is justified to work with a rate equation
system as a first-order description of the electron transfer. The observation of two time constants (2.3 and 7 ps) in emission and absorption experiments related to the decay of P* requires an extension ofthe reaction picture. As a possible explanation of the non-monoexponential decay, a "parking" state (11) or a distribution in the difference of the Gibbs free energy AG (18) has been suggested. These models do not yield significant differences for the shapes of the transient spectra presented in the following. The model we use involves a parallel reaction with two substates of P*. The dominant fraction (77%) of the excited RCs have a fast decay time constant of 2.3 ps (reaction model 2), the remaining 23% decay with 7 ps (reaction model 3). P* 2.3 PS P+B-0.9 PsY 200 ps P+QA [2] 7 SP+B-09PS +H_ 0 P QA1]
In our model the spectral properties of the two fractions of reaction centers are considered to be the same. With these assumptions one calculates the spectra of the intermediates shown in Fig. 5 without free parameters. The emission spectrum of P* is proportional to the sum of all measured amplitudes aj (7) . It decreases continuously with wavelength (Fig. 5a) . The pure BA spectrum (Fig. Sb) is obtained by taking the difference between the spectra of P+B-and P+. Ao-(B-) has a peak around 1010 nm and a broad shoulder in the range 920-970 nm. 11 Qualitatively it agrees well with the spectrum of the BChl anion radical in solution (25) (dashed line in Fig. Sb) . There is a spectral shift of -20 nm, in agreement with similar spectral shifts known for the other bands of B. The absorption cross section of BA was calculated from the absolute cross section of P in ref. 27 and the difference cross-section spectrum (Fig. 5) . Considering the small transient population of BA discussed previously (5) [4] Angles a for P*, P+, and B-are summarized in Table 2 . The Aovalues were calculated with the time constants ofreaction models 2 and 3 and the amplitudes of etween the Qy transitions of P and BA, which agrees well with the experimental result. The polarized absorption data allow a critical test for other reaction models-e.g. for the one-step model with a direct electron transfer from P to P+H-via a superexchange mechanism. In this model it is necessary to assign the 0.9-ps component to a fast-decaying fraction of P*, which leads to intrinsic contradictions: the resulting dichroic ratio Aoll/AoiL of considerably more than 3 for this component is not allowed. Conclusions. Transient absorption data on RCs of Rb. sphaeroides R26.1 at room temperature in the spectral range between 920 and 1040 nm show convincingly the existence of the subpicosecond (0.9-ps) kinetic component. The data allow (from spectrally resolved as well as from dichroic data) the assignment of this component to a transiently populated radical pair state P+B-. The experimental results supplement previously published data. For all spectral positions in the visible and near infrared-i.e., between 500 nm and 1040 nm-the transient data are in accordance with a picture of an intermediate P+B-in a stepwise reaction model. This agreement gives strong evidence-if not proof-for a primary electron transfer involving the accessory BChl as a real electron carrier.
This work was supported by the Deutsche Forschungsgemeinschaft (SFB 143).
